NIR light scattering from ex vivo porcine cardiac tissue was investigated to understand how imaging or point measurement approaches may assist development of methods for tissue depth assessment. Our results indicate an increase of average image intensity as thickness increases up to approximately 2 mm. In a dual fiber spectroscopy configuration, sensitivity up to approximately 3 mm with an increase to 6 mm when spectral ratio between selected wavelengths was obtained. Preliminary Monte Carlo results provided reasonable fit to the experimental data.
INTRODUCTION
Optical spectroscopy has been shown to provide promising methods for minimally invasive detection of tissue biochemical and morphological changes 1, 2 . Diffuse reflectance and absorbance point spectroscopy is widely used in medical research in part due to technical simplicity in obtaining a broad range of structure and composition information 1, 3 . Additionally, spectroscopy based instrumentation holds promise for real-time pathological assessment 1, 4 . Combining capabilities from both approaches may increase comprehensive diagnosis and maximize assistive potential in the operating room. Implementing wavelengths from the near infrared (NIR) spectral band enables subsurface investigation by avoiding blood and water absorption 1, 5, 6 . Cross-polarized light scattering reveals additional changes of optical properties due to onset and progression of disease [7] [8] [9] [10] [11] [12] [13] .
The aim of this work is to develop optical methods for tissue depth assessment that can be translated to clinical practice. We employ NIR spectral imaging and point spectroscopy techniques in order to test limits of real-time detection of the change in light scattering intensity as a function of tissue depth. An ex vivo porcine cardiac tissue model provided sample uniformity for proof of principle evaluation. The experimental results were modeled based on the random walk theory of photon migration 14 . Understanding and quantifying the light scattering signal as a function of tissue thickness is a key parameter in the development of optical techniques for diagnosis, staging, and assessment of progression of disease.
EXPERIMENTAL MATERIALS AND METHODS
Fresh porcine cardiac tissue was obtained immediately after slaughter from the UC Davis Meat Laboratory (Davis, CA). Intact heart was rinsed in tap water to remove excess blood. The heart was sliced to produce samples with homogeneous surface areas avoiding irregularities such as vascular structures. This maximized sample uniformity allowing the tissue thickness to be the controlled variable. The thickness of each sample was measured with a digital micrometer and placed individually in chilled phosphate buffered saline (PBS) solution for preservation during experimentation. Sample size varied but were each large enough to provide light scattering signal free from edge effects when detected from the center of the tissue. For image and spectra acquisition, each sample was pat dry on a kim wipe to remove excess blood and PBS solution.
2.1. Imaging experiment A white light source passed through a filter wheel containing 40 nm bandwidth interference filters centered at 700, 850 and, 1000 nm. The light was coupled into four fibers that uniformly illuminated the surface of the sample. Each fiber was tipped with sheet polarizers to provide linear polarized illumination. Two light scattering images, parallel and perpendicular, were acquired by rotating an additional polarizer, shown as P' in Fig. 1 Image processing code was written in Matlab, (MathWorks, Natick, MA). Background noise was subtracted from the light scattering images of each tissue sample before averaging. The average intensity was normalized against an image of a WS-1 Diffuse Reflectance Standard (Ocean Optics, Dunedin, FL). This diffusing material has a reflective outer diameter of 32 mm and produces more than 98% reflection from 250 nm -1500 nm across the surface. To normalize the raw data, the sum of the intensities of the parallel and perpendicular image components was calculated in order to obtain the total scattering intensity of the reference standard sample. The average image intensity from each tissue sample was divided by the total scattering intensity of the reference sample at the corresponding imaging wavelength. This provided an accurate estimate of the amount of backscattered light from each sample as a function of its thickness. The experimental results were predicted by a random walk theory of photon migration. Optical coefficients for this tissue model can subsequently be extracted. 
Spectroscopy experiment
A Mikropack DH-2000 halogen source (Ocean Optics, Dunedin, FL) passed through a 500 nm long pass filter, shown in Fig. 1(b) . The filtered light was transmitted via a 600 µm diameter illumination fiber that was in contact with the surface of the tissue sample on its output, which was attached on the sample holder. The illumination fiber was separated by 2.5 mm center to center from a 250 µm diameter collection fiber that was attached on the sample holder in the same manner as the illumination fiber. The collection fiber delivered the transmitted signal to a Triax Series 320 spectrometer (Jobin Yvon Inc., Edison, NJ) before detection at a liquid nitrogen cooled CCD (Princeton Instruments, Inc., Trenton, NJ). The central region of the tissue was used for each spectrum to avoid tissue thickness variability and edge effects in photon propagation. Four spectra were acquired and averaged per tissue sample to produce one average spectrum per tissue sample. The average spectra of four consecutive tissue samples were subsequently binned to produce one data point for analysis. Acquired spectra were normalized in a similar manner described in the imaging experiments (section 2.1) -subtracting a dark noise spectrum and dividing against the WS-1 Diffuse Reflectance Standard spectrum. 
EXPERIMENTAL RESULTS
For comparison, the experimental results obtained at 1000 nm are shown in this section for all system and data analysis configurations. Results at this wavelength are representative of behaviors observed at shorter wavelengths of the NIR spectrum.
Imaging experiment
The average intensity of the backscattered polarized image components at 1000 nm is shown in Fig. 2 . The normalized intensity is seen to increase for both parallel and perpendicular components before reaching a plateau at approximately 2 mm tissue thickness. The results were analyzed using a mathematical representation of photon migration based on a random walk theory 15 . It should be noted that the mathematical model combined the total intensity as the sum of the polarization components minus the value attributed to specular reflection, (I // + I ⊥ -0.03). This constant was determined from the model. Fig. 3 demonstrates the predictive fit to the experimental data. Optical coefficients were estimated from this model, shown in Table 1 . Our results are seen to be approximately 1.5 -2 times larger than the published values in Table 2 for this tissue model. To extract polarization information and normalize the value of the ratio with respect to the absolute intensity of the reflected light, the degree of polarization (DOP) was calculated for each sample. DOP is given as (I // -I ⊥ ) / (I // + I ⊥ ) 12 where I // is the normalized parallel intensity and I ⊥ is the normalized perpendicular intensity. Fig. 4 illustrates the result of this calculation. Tissue depth sensitivity was observed up to approximately 1 mm. 
Spectroscopy experiment
The light scattering spectral response at 1000 nm is shown in Fig. 5 . The normalized intensity is seen to increase before reaching a plateau at approximately 3 mm. To take advantage of the spectral information rather than only the absolute intensity of the reflected light, ratios were calculated between wavelengths that offer the largest difference in photon penetration depths (see table 1 ). For example, Fig. 6 illustrates the light scattering response of the intensity ratio 700 nm / 1000 nm. An increase of sensitivity to tissue depth was observed up to approximately 6 mm. For comparison, the same analysis was performed in the imaging experiments discussed in sections 2.1 and 3.1. The results were similar as demonstrated in Fig. 7 . The dependence of the intensity ratio at 700 nm / 1000 nm to tissue thickness in the dual fiber experimental configuration. The dependence of the average intensity ratio at 700 nm / 1000 nm to tissue thickness in the imaging experimental configuration.
DISCUSSION
Using the imaging arrangement, the intensity in both, the parallel and the perpendicular images shown in Fig. 2 suggest a signal dependence on tissue thickness up to approximately 2 mm. The experimental results were reasonably approximated using a mathematical interpretation based on a modified random walk theory (see Fig. 3 ) 15 . The estimates of optical coefficients extracted from our model are nearly twice as large as literature values. This discrepancy is under further investigation but may be attributed to tissue preparation, storage, handling, and inhomogeneity of tissue composition.
The spectroscopy results shown in Fig. 5 demonstrate similar behavior as that observed in the imaging results (Fig. 2) , exhibiting an increased dependence on tissue thickness. However, this increase is observed up to approximately 2 mm thickness in the imaging arrangement and up to approximately 3 mm in the dual-fiber spectroscopy arrangement. Ratio analysis of the intensity from the same tissue samples at different spectral bands uses the spectral information as a method to normalize for variations in absolute scattering intensity between tissue samples. We hypothesized that this may provide increased sensitivity to tissue thickness. The representative result of the intensity ratio at 700 nm over 1000 nm from the dual fiber experimental configuration shown in Fig. 6 and the corresponding from the imaging arrangement shown in Fig. 7 confirmed this hypothesis demonstrating an increased depth sensitivity to approximately 6 mm and 3 mm, respectively.
These experimental results suggest that the reflectance spectral ratio through spatially separated fibers offers the optimal approach to evaluate tissue depth. These methods may be useful for the evaluation of tissue thickness of internal organs such as those in the gastrointestinal tract. For example, adapting fiber optic components into various types of catheters or endoscopes may incorporate these methods to clinical practice. Furthermore, the results highlight the importance of taking into account the lesion thickness in light scattering spectral imaging measurements, such as those required for functional imaging, especially if the lesion is thinner than 2 mm. This is because the reflected signal does not depend only on the optical properties of the lesion but also on its thickness.
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